INTRODUCTION
Peroxisomes are small, single membrane bound, respiratory organelles found in eukaryotic cells. Peroxisomes generate the second messengers, hydrogen peroxide (H2O2), superoxide radicals (O2
•-
), and nitric oxide (
• NO) (1) . Peroxisomes help convert long chain fatty acids to sucrose and contain enzymes for lipid β-oxidation and the glyoxylate cycle, such as acyl CoA oxidase, thiolase, and isocitrate lyase (2) .
Peroxisomal proteins are encoded in the nuclear genome and must be imported from the cytoplasm (3) . For the transport of peroxisomal matrix proteins, import machinery uses two well-defined peroxisomal targeting signals (PTSs), PTS1 and PTS2. Proteins belonging to the PTS1 class contain a highly conserved tripeptide sequence, SKL, at the C-terminus; proteins of the PTS2 class contain a well conserved nine amino acid residue sequence, (R/K)-(K/V/A)-X5-(H/Q)-(L/A), at the N-terminal region that is removed after translocation (4, 5) . During the process of matrix protein translocation, PTS1 and PTS2 proteins are specifically recognized by the PTS1 receptor (Pex5p) (6, 7) and PTS2 receptor (Pex7p) (8) , respectively.
Another peroxisomal matrix proteins, Pex5p, functions as an antifungal protein (AFP) in response to pathogenic fungi (9) . We therefore screened for peroxisomal matrix proteins with antimicrobial activity in oleate-treated yeast. Here, we report that Saccharomyces cerevisiae 3-ketoacyl-CoA thiolase (ScFox3) exhibits antifungal properties. This protein is present in peroxisomes of Saccharomyces cerevisiae and is a typical PTS2 class protein. Although development of antifungal vaccines is difficult due to the large number of genes found in fungi, our findings may be useful for understanding defense mechanisms for infection prevention.
RESULTS AND DISCUSSION
A protein exhibiting antifungal activity was purified from Saccharomyces cerevisiae using a DEAE-cellulose column and C18-reverse-phase HPLC. Saccharomyces cerevisiae were broken using a bead beater and then centrifuged at 3,000 g for 15 min. The supernatant was loaded onto a DEAE-cellulose column (data not shown), and growth inhibition assays were performed for each fraction to assess antifungal activity. A fraction containing high antifungal activity was purified over a C18-reverse-phase HPLC column and collected for subsequent identification (Fig. 1) .
The purified antifungal protein was identified by N-terminal amino acid sequencing as a homolog of proteins listed in the NCBI database ( Fig. 2A) . Using MALDI-MS analysis, we confirmed that the purified protein sequence was identical to the amino acid sequence of yeast peroxisomal 3-ketoacyl-CoA thiolase, ScFox3 (GenBank accession number CAA86118) (data not shown). This protein is a typical PTS2 class protein related to peroxisome biogenesis (8) . Transcripts of 3-ketoacyl-CoA thiolase are induced by treatment with certain stresses, such as senescence (10), fruit ripening (11) , and pathogen exposure (12) . Interestingly, 3-ketoacyl-CoA thiolase mutant plants (kat2-1 and ped1) have abnormal peroxisome morphology, decreased jasmonate levels, germination sucrose deficiency (13) (14) (15) (16) , delayed http://bmbreports.org The elution fraction containing the target peak (arrow) was separated by RP-HPLC using a C18 column. Detail purification procedures are described in Material and Methods. (C) In panel 1, 10 μM purified AFP in 25 mM Hepes buffer (pH 7.2) was added to the plate; in panel 2, buffer alone was added to the plate as a negative control. flowering cessation, and global proliferative arrest (17) . When considered together with these previous data, our results suggest that ScFox3 plays a role not only as a PTS2 protein for peroxisome biogenesis, but also as a defense-related protein for protection against external stresses. Using isolated protein from yeast, we determined that AFP functions as an active thiolase. Isolated ScFox3 protein catalyzed the thiolytic cleavage of 3-ketoacyl-CoA to acetyl-CoA and acyl-CoA, while negligible activity was observed for the negative GST control (Fig. 2B ).
To investigate antifungal activity, a GST-ScFox3 fusion protein was expressed in the pGEX vector, and the recombinant protein was isolated following thrombin treatment. We performed SDS-PAGE and calculated the molecular weight of ScFox3 protein to be about 44.7 kDa (Fig. 3A) . The recombinant protein exhibited antifungal activity against Botrytis cinerea, Fusarium moniliforme, and Fusarium solani (Fig. 3B) .
Targeting of proteins synthesized on cytosolic polysomes to their final destinations is often directed by organelle-specific targeting sequences. We examined the PTS2 peroxisomal targeting sequence of ScFox3 by comparing the localization of ScFox3-GFP and a truncated form of ScFox3M-GFP lacking the PTS2 signal. Yeas transformed with wild-type ScFox3-GFP showed peroxisomal localized fluorescence, indicating PTS2-targeted localization. However, yeast transformed with PTS2-truncated ScFox3M-GFP showed widely dispersed cytoplasmic fluorescence, indicating no transport to peroxisomes (Fig. 3C) . Thus, the PTS2 targeting signal directs localization of ScFox3 to the peroxisome and may mediate yeast defense mechanisms in the peroxisome.
To more accurately define the antifungal activity of ScFox3, we performed a 96-well microdilution assay against pathogenic http://bmbreports.org BMB reports (9) reported that the peroxisomal receptor protein, OsPex5p, functions as an antifungal protein. Here, we isolated a peroxisomal 3-ketoacyl-CoA with thiolase and potent antifungal activity from Saccharomyces cerevisiae containing oleate-induced peroxisomes. This protein showed no hemolytic activity (Fig.  3D) . Based on these observations, ScFox3 thiolase may participate in both β-oxidation of fatty acids and defense responses to harmful pathogenic fungi.
MATERIALS AND METHODS

Materials
Saccharomyces cerevisiae grown in YPD medium (1% yeast extract, 2% peptone, and 2% glucose) at 30 o C were used to assess the peroxisomal targeting of the PTS2 sequence in ScFox3-GFP and PTS2-truncated ScFox3M-GFP. Peroxisome induction medium (0.5% Bacto peptone, 0.3% yeast extract, 0.12% oleic acid, 0.2% Tween 40, and 0.5% KH2PO4) was used for induction of oleate-dependent peroxisomes in yeast.
Purification of a protein with antifungal activity
Peroxisome-induced yeast were harvested and resuspended in lysis buffer (50 mM potassium phosphate buffer, [pH 7.0], 1 mM EDTA, 5% glycerol, 1 mM PMSF) and lysed by freezing and thawing. After the addition of zymolase 20T, cells were broken by vortexing five times with acid-washed glass beads for 1 min. After centrifugation at 3,000 g for 15 min, the soluble fractions were isolated. The supernatants were loaded on a DEAE-Sepharose Fast Flow anion-exchange column (4.6 × 10 cm), and fractionation was performed using a stepwise gradient procedure. After testing for antifungal activity in each fraction, the fractions were dialyzed with 50 mM potassium phosphate buffer (pH 8.0). Finally, the active fraction was subjected to C18 RP-HPLC chromatography. The flow rate was held constant at 1 ml/min at 4 o C, and the absorbance was monitored at 214 nm. http://bmbreports.org Antifungal assays against Botrytis cinerea, Fusarium moniliforme, and Fusarium solani were analyzed by measuring the fungal growth inhibition zone generated with the purified protein. The single purified protein band shown on SDS-PAGE gel was subjected to MALDI-TOF/MS analysis.
Expression of yeast ScFox3 protein in E. coli
The full-length ScFox3 cDNA was isolated from a Saccharomyces cerevisiae cDNA library by PCR and was subcloned into the pGEX-2T vector (Amersham Pharmacia, Sweden) for expression as a GST fusion protein in E. coli strain BL21 (pLysS). The GST-ScFox3 fusion protein was bound to glutathione agarose beads. Intact ScFox3 protein was then isolated after thrombin treatment and dialyzed with 25 mM Hepes buffer (pH 7.2).
Assay for thiolase activity
3-Ketoacyl-CoA thiolase activity was assayed by monitoring 3-ketooctanoyl-CoA degradation as reported by Kurihara et al. (18) . Each measurement was conducted in triplicate.
Assay for antifungal activity
To assess the antifungal activity of the isolated yeast protein, we performed a radial growth inhibition assay and a 96-well microdilution assay (9 
Targeting analysis of the PTS2-containing ScFox3-GFP by fluorescence microscopy
The pYES2-ScFox3-GFP construct was introduced into wild-type yeast using the LiAc method. Transformed cells were selected on synthetic complete media lacking uracil and cultured at 30 o C for about 48 h. Yeast were harvested and transferred to medium containing galactose when the OD600 of the cultures reached 2.0. ScFox3-GFP expression was monitored at various time points after galactose induction, and images were captured using a Zeiss Axioplan fluorescence microscope with a XF116 filter set for GFP detection (19) .
Hemolysis of human red blood cells (hRBCs)
Hemolytic activity analysis was performed for ScFox3 using hRBCs collected from healthy donors. The ScFox3 protein was added to 100 μl of stock hRBCs rinsed three times in PBS buffer. The samples were incubated at 37 o C for 1 h and then centrifuged at 800 g for 10 min. The absorbance of the supernatants was detected at 414 nm. hRBCs in PBS (Ablank) and in 0.1% Triton X-100 (Atriton) were used for the negative and positive controls, respectively. The percent hemolysis was calculated according to the equation: % Hemolysis = [(Asample -Ablank)/(Atriton -Ablank)] × 100 Each measurement was conducted in triplicate (20, 21) .
